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Epidural stimulation induced modulation of spinal locomotor
networks in adult spinal rats
Abstract
The importance of the in vivo dynamic nature of the circuitries within the spinal cord that generate
locomotion is becoming increasingly evident. We examined the characteristics of hindlimb EMG
activity evoked in response to epidural stimulation at the S1 spinal cord segment in complete
midthoracic spinal cord-transected rats at different stages of postlesion recovery. A progressive and
phase-dependent modulation of monosynaptic (middle) and long-latency (late) stimulation-evoked EMG
responses was observed throughout the step cycle. During the first 3 weeks after injury, the amplitude of
the middle response was potentiated during the EMG bursts, whereas after 4 weeks, both the middle and
late responses were phase-dependently modulated. The middle- and late-response magnitudes were
closely linked to the amplitude and duration of the EMG bursts during locomotion facilitated by
epidural stimulation. The optimum stimulation frequency that maintained consistent activity of the
long-latency responses ranged from 40 to 60 Hz, whereas the short-latency responses were consistent
from 5 to 130 Hz. These data demonstrate that both middle and late evoked potentials within a motor
pool are strictly gated during in vivo bipedal stepping as a function of the general excitability of the
motor pool and, thus, as a function of the phase of the step cycle. These data demonstrate that spinal
cord epidural stimulation can facilitate locomotion in a time-dependent manner after lesion. The
long-latency responses to epidural stimulation are correlated with the recovery of weight-bearing
bipedal locomotion and may reflect activation of interneuronal central pattern-generating circuits.
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The importance of the in vivo dynamic nature of the circuitries within the spinal cord that generate locomotion is becoming increasingly
evident. We examined the characteristics of hindlimb EMG activity evoked in response to epidural stimulation at the S1 spinal cord
segment in complete midthoracic spinal cord-transected rats at different stages of postlesion recovery. A progressive and phase-
dependent modulation of monosynaptic (middle) and long-latency (late) stimulation-evoked EMG responses was observed throughout
the step cycle. During the first 3weeks after injury, the amplitude of themiddle responsewas potentiated during the EMGbursts, whereas
after 4 weeks, both the middle and late responses were phase-dependently modulated. The middle- and late-response magnitudes were
closely linked to the amplitude and duration of the EMG bursts during locomotion facilitated by epidural stimulation. The optimum
stimulation frequency that maintained consistent activity of the long-latency responses ranged from 40 to 60 Hz, whereas the short-
latency responses were consistent from 5 to 130 Hz. These data demonstrate that bothmiddle and late evoked potentials within amotor
pool are strictly gated during in vivo bipedal stepping as a function of the general excitability of themotor pool and, thus, as a function of
the phase of the step cycle. These data demonstrate that spinal cord epidural stimulation can facilitate locomotion in a time-dependent
manner after lesion. The long-latency responses to epidural stimulation are correlated with the recovery of weight-bearing bipedal
locomotion and may reflect activation of interneuronal central pattern-generating circuits.
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Introduction
When the lumbosacral region of the spinal cord is isolated from
supraspinal control in vivo, locomotor patterns in the hindlimbs
can be induced or facilitated via pharmacological interventions
and/or epidural stimulation (ES) (Barbeau and Rossignol, 1991;
Iwahara et al., 1991; Chau et al., 1998; Dimitrijevic et al., 1998;
Gerasimenko et al., 2003; Ichiyama et al., 2005). Although this
phenomenon has been investigated extensively, the specific spi-
nal networks responsible for generating locomotion cannot be
completely described by classical models (Graham-Brown, 1911;
Engberg and Lundberg, 1969; Smith et al., 1998; Burke et al.,
2001; Lafreniere-Roula and McCrea, 2005; Ivanenko et al., 2006;
Rybak et al., 2006a,b). Recent studies of locomotion facilitated by
epidural stimulation have provided some new perspectives on
how specific locomotor networks in rats, cats, and humans func-
tion in vivo (Dimitrijevic et al., 1998; Dimitrijevic and Dimitri-
jevic, 2002; Gerasimenko et al., 2003, 2006, 2007).
We have observed that an electrical shock at the S1 spinal cord
segment evokes a direct early response, a monosynaptic (middle)
response, and a long-latency (late) response in both intact
(Gerasimenko et al., 2006) and spinal (Lavrov et al., 2006) rats
when standing bipedally. We also observed modulation of these
potentials in a locomotor phase-dependent manner during bipe-
dal stepping in intact rats (Gerasimenko et al., 2006) and in non-
disabled humans (Courtine et al., 2007), demonstrating the
highly predictable and dynamic nature of these evoked responses.
Additional preliminary evidence of the functional significance of
these evoked responses during bipedal standing was indicated by
the observation that epidural stimulation evoked late responses
that were absent immediately after a complete spinal cord tran-
section but reappeared within several weeks after injury, at ap-
proximately the time that stepping began to reoccur (Lavrov et
al., 2006). More recently, Gerasimenko et al. (2007) described
how individual stimuli of a tonic train at 40 Hz applied at the S1
spinal segment selectively enhances the amplitude of the middle
response during the extensor EMGburst comparedwithminimal
modulation of this response in the flexor muscles during bipedal
stepping in complete spinal rats. These experiments also demon-
strated qualitative and quantitative differences between the EMG
bursts in a flexor versus an extensor muscle and in the hindlimb
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kinematics in response to epidural stimulation at different speeds
and at different times after a complete midthoracic spinal cord
transection.
In the present study, we have examined the phase-dependent
modulation of the middle and late responses to epidural stimu-
lation in complete spinal rats during bipedal stepping. Further-
more, we have characterized how this phase-dependent modula-
tion changes over time after a spinal cord injury, as well as how
this modulation relates to stepping ability. We observed a robust
and highly predictable gating mechanism that modulates evoked
responses to a given motor pool in proportion to the level of
excitability of that motor pool. Indeed, there was a systematic
modulation of the middle and late responses that was not only
phase dependent, but also a function of the level of recovery of
stepping after a spinal cord injury.
Materials andMethods
Data were obtained from nine adult female Sprague Dawley rats (270–
300 g body weight). The experimental procedures comply with the Na-
tional Institutes of Health Guide for the Care and Use of Laboratory Ani-
mals and were conducted in accordance with experimental protocols
approved by the Animal Care Committee at the University of California,
Los Angeles.
Surgical procedures. The rats were anesthetized deeply using a combi-
nation of ketamine (100mg/kg) and xylazine (10mg/kg) andmaintained
at a surgical level with supplemental doses of ketamine as needed. All
surgeries were performed under aseptic conditions.
Headplug implant. A small incision was made at the midline of the
skull. The muscles and fascia were retracted laterally, small grooves were
made in the skull with a scalpel, and the skull was thoroughly dried. Two
12-pin amphenol headplugs with Teflon-coated stainless-steel wires
(AS632;CoonerWire)were securely attached to the skull with screws and
dental cement as described previously (Roy et al., 1991). A small skin
incision was made in the lower lumbar region, and all wires were routed
subcutaneously to this opening.
EMG implants. Skin and fascial incisions were made to expose the
bellies of themedial gastrocnemius (MG) and tibialis anterior (TA)mus-
cles bilaterally. Two wires were routed subcutaneously from the back
incision to each of themuscles. A small notch (1mm) of insulationwas
removed from each wire to form recording electrodes, and the exposed
regions were inserted and secured in the midbelly of the deep region of
each muscle as described previously (Roy et al., 1991). Stimulation
through the headplug was used to verify the proper placement of the
electrodes in eachmuscle. The EMGwires were coiled near each implant
site to provide stress relief.
Spinal cord transection and epidural stimulation electrode implants. A
middorsal skin incision was made between T6 and L4, and the paraver-
tebral muscles were retracted as needed. A partial laminectomy was per-
formed at the T8–T9 level, and the dura mater was opened longitudi-
nally. Lidocaine was applied locally, and the spinal cord was transected
completely as described previously (Talmadge et al., 2002). Two sur-
geons verified the completeness of the spinal cord transection by lifting
the cut ends of the spinal cord with fine forceps. A partial laminectomy
thenwas performed to expose spinal cord segment S1 for implantation of
the epidural stimulating electrodes. Wires from the back incision were
tunneled subcutaneously to the exposed region of the spinal cord. A
small notch (1mm) of insulation was removed from one wire, and this
wire was affixed to the dura at the midline at the S1 spinal segment with
the exposed surface facing the spinal cord using 9.0 suture as described
previously (Ichiyama et al., 2005). The exposed region of the wire served
as the stimulating electrode. The wire was coiled in the back region to
provide stress relief. The Teflon coating was stripped from the distal
centimeter of the secondwire, which thenwas inserted subcutaneously in
the back region and served as a common ground.
All incision areas were irrigated liberally with warm, sterile saline and
closed in layers, i.e., the investing fascia and then the skin. All closed
incision sites were cleaned thoroughlywith saline solution. Analgesia was
provided by Buprenex (0.5–1.0 mg/kg, i.m., three times per day). The
analgesics were initiated before completion of the surgery and continued
for a minimum of 2 d. The rats were allowed to fully recover from anes-
thesia in an incubator. The rats were housed individually, and the blad-
ders of the spinal rats were expressedmanually three times per day for the
first 2 weeks after surgery and twice per day thereafter. The hindlimbs of
the spinal rats were moved passively through a full range of motion once
per day to maintain joint mobility.
Stimulation and recording procedures.Testing procedures began 1week
after surgery and were performed weekly for 7 weeks after spinal cord
transection. All testing was performed when the rats were fully awake.
The raw EMG signals were amplified and filtered (10–10,000 Hz band-
pass). Stimulation was performed using a Grass S88 Stimulator (Grass
Instruments) and a stimulus isolation unit (Grass SIU5; Grass Instru-
ments). Epidural stimulation was administered as single stimuli (dura-
tion of 0.5 ms). Early, middle, and late responses were evoked from
selected hindlimbmuscles via ES (0.2Hz) at S1 to determine the stimulus
intensity–response amplitude curve. Averages of 10 responses were de-
termined at stimulation intensities ranging from 0.5 to 10 V in incre-
ments of 0.5 V. Continuous epidural stimulation at S1 from 5 to 130 Hz
and at a pulse duration of 0.2 ms was used to induce bipedal stepping.
Middle and late responses were examined during S1 stimulation at fre-
quencies ranging from 5 to 130 Hz.
All analyses of the evoked responses in theMGandTAwere performed
on rats that showed no spontaneous rhythmic activity on the moving
treadmill belt but generated bilateral stepping with epidural stimulation.
During the testing of locomotor ability, the spinal rats were secured in an
upper body harness support system, and the hindlimbs were placed on a
moving treadmill as described previously (Ichiyama et al., 2005). The
automated body weight support system was used to provide the amount
of body weight support necessary to enable walking. EMG activity was
collected during stepping using a custom-made LabView program. As a
measure of locomotor ability, the duration of continuous stepping was
recorded under optimal epidural stimulation parameters. We identified
the optimum stimulation intensity for enabling stepping by gradually
increasing the intensity while the hindlimbs were in contact with the
moving treadmill belt. This optimal intensity then was used to test the
effects of epidural stimulation at different stimulation frequencies rang-
ing from 5 to 130 Hz on stepping performance. All electrophysiological
recordings from the muscles were analyzed within a 27 ms period after
the stimulus artifact and were divided into three windows based on the
onset latencies, i.e., from 1.5 to 6.5 ms for the early response, from 6.5 to
9.5 ms for the middle response, and from 9.5 to 27 ms for the late re-
sponse (Gerasimenko et al., 2006). The amplitude is reported as themean
of 10 maximum peak-to-peak intervals.
A four-camera system with retro-reflective markers placed on bony
landmarks at the iliac crest, greater trochanter, lateral condyle of the
femur, lateral malleolus, and the distal end of the fifthmetatarsal on both
legs was used to record the kinematics of the hip, knee, and ankle joints.
Video analysis of the kinematics of the stepping movements was per-
formed using a SIMI Motion Analysis System and was used to produce
stick diagrams and trajectories of the limb movements.
Statistical analyses. All data are reported as mean SEM. Statistically
significant differences were determined using a one-way repeated-
measures ANOVA. Normality of the data was evaluated using the Kol-
mogorov–Smirnov test. Values that were not normally distributed were
analyzed using the nonparametric Kruskal–Wallis rank test. The crite-
rion level for determination of statistical significance was set at p 0.05
for all comparisons.
Results
Epidural stimulation-induced responses in the
hindlimb muscles
Epidural stimulation produced three types of responses as re-
corded by EMG signals from selected hindlimbmuscles.While in
a bipedal standing position, a single electrical shock at S1 evoked
early, middle, and late responses as described previously in non-
disabled (Gerasimenko et al., 2006) and spinal (Lavrov et al.,
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2006) animals. The same three responses were observed during
bipedal stepping on a moving treadmill belt facilitated by epi-
dural stimulation (40 Hz) at S1. During stepping, however, the
late response appeared as a long-latency complex with between
five and seven spikes, in contrast to the single spike observed
when epidural stimulation was delivered with the rat in a stand-
ing position (Fig. 1A).
The latency and features of the late response observed during
standing suggest that this response may be attributable to inter-
neuronal networks (Gerasimenko et al., 2006).We have reported
that this response disappears immediately after a complete spinal
cord transection and then reappears while standing in concert
with the restoration of the ability to step when facilitated by epi-
dural stimulation (Lavrov et al., 2006). During stepping, how-
ever, the late response is more complex in that it includes several
spikes. The consistency in the number of spikes and in their la-
tencies is illustrated on Figure 1B. Because these complex re-
sponses were observed during stepping on a treadmill but not
during quiet standing (Fig. 1A), it is presumed that they reflect
activation of spinal circuits (a state-dependent feature) that con-
tribute to locomotor performance.
Spinal cord short- and long-latency responses and the
formation of rhythmic EMG activity during epidural
stimulation
Analysis of the EMG activity in hindlimb muscles during step-
ping on a treadmill facilitated by epidural stimulation (40 Hz) 5
weeks after a complete spinal cord transection showed that both
middle and late responses participated in the formation of rhyth-
mic EMG bursting (Fig. 2). MG EMG burst formation during
epidural stimulation usually began with the appearance of amid-
dle response with a latency of 5–7 ms (Fig. 2C, stimulus 7). After
the middle response, a late response usually appeared with a pro-
gressive delay between each stimulus (Fig. 2C). As the EMGburst
amplitude declined (Fig. 2A), there was a concomitant decrease
Figure 1. A, Example of spinal cord motor evoked responses to ES at S1 in the MGmuscle in
a spinal cord-transected rat during standing [single shock (ES-single); top traces] compared
with stepping [40 Hz stimulation (ES-40 Hz); bottom traces] on a treadmill at 7 cm/s. The
potentialsmarked as ER (early response) have been shown to be directly evoked potentials that
become prominent at higher stimulation voltages, such as that used for the single shock during
standing (Lavrov et al., 2006; Gerasimenko et al., 2007). The potentials marked as MR (middle
response) have the characteristics of a monosynaptic response. The potentials marked as LR
(late response) show one peak in response to a single shock and a sequence of peaks (labeled
1–7) during 40 Hz stimulation. B, Latency of the MR and LR in the MG and TA muscles during
stepping on a treadmill. The number of peaks (1–7; arrows) in the LR in A corresponds to the
latency for each peak of the LR inB. The arrow in the shaded regionmarks theMR response. The
mean latency of each timebinwas significantly greater than theprevious timebin. Thesedelays
were not significantly different between the TA and MG. The means SEM for each of the
seven time bins were derived from evoked potentials of 10 bursts from nine rats.
Figure 2. A, Formation of EMG bursts in the MG and TAmuscles from the MR and LR during
epidural stimulation-induced (40 Hz) stepping in a spinal rat. B, C, Induction of a series of MRs
and LRs in the TA and MG muscles, respectively, during one step cycle. Asterisks in B and C
correspond to the interval notedwith the same number of asterisks in A. Horizontal bars: open,
swing phase; filled, stance phase of a step cycle. The diagonal lines in C highlight the shift in the
latency of the LR in the MGwith consecutive stimuli. Abbreviations are the same as in Figure 1.
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in the amplitude and number of late re-
sponse spikes (Fig. 2C). Only the middle
response was present during the last por-
tion of the EMG burst. In turn, the middle
response was completely inhibited at the
termination of the burst and reappeared at
the initiation of the next EMG burst.
In contrast with theMGEMGburst, the
TA included both the middle and late re-
sponses during the entire duration of the
EMG burst (Fig. 2B). The recovery of the
late response after spinal cord transection
was observed earlier and the amplitudewas
higher in the TA than in the MG, whereas
the middle response recovered within a
similar time frame and with a similar am-
plitude in theMG and TAmuscles (Fig. 3).
Formation of the motor pattern for step-
ping based on themiddle and late response
components in the MG and TA muscles
strongly depended on the phase of the step
cycle. The late response occurred during
the swing phase in the TA and the first part
of the stance phase in the MG, whereas
only amiddle response occurred in theMG
during the last portion of the stance phase
(Figs. 2, 3).
A shift in the latencies of the long-
latency components of the late response
was observed in the MG EMG burst (Fig.
2C). During the first half of the EMGburst,
the late response is comprised primarily of
peaks with latencies between 14.4 and 16.2
ms (Fig. 4B). During the second half of the
MG EMG burst, the long-latency response
latencies increase to between 18.9 and 22.8
ms. In contrast, these latencies in the TA
muscle remain unchanged throughout the
EMG burst, i.e., between 17.0 and 18.4 ms
(Fig. 4A).
Effects of frequency of epidural
stimulation on facilitation of stepping
We studied the effects of stimulation fre-
quencies ranging from 30 to 130 Hz in fa-
cilitating stepping in spinal rats (Fig. 5).
The most effective frequencies were be-
tween 40 and 60 Hz (Fig. 5A, 50 Hz). Epi-
dural stimulation at low frequencies (40
Hz) initially evoked a low-amplitude,
poorly modulated rhythmic pattern that
usually required a considerable amount of
time to establish a reciprocal rhythmic pat-
tern between flexor and extensor muscles (Fig. 5A, 30 Hz). At
higher frequencies (60 Hz), epidural stimulation produced
high-amplitude, irregular patterns of activity (Fig. 5A, 90 and 130
Hz). In fact, during the first few seconds after beginning epidural
stimulation at frequencies60 Hz, there was a temporary, high-
amplitude irregular tonic activity that subsequently became a
rhythmic, irregular pattern.
After termination of epidural stimulation (stimulus off),
successful stepping was continued for the longest period at
frequencies between 40 and 60 Hz (Fig. 5C, 50 Hz), whereas
the stepping pattern rapidly became unstable and the EMG
activity nonreciprocal at lower (Fig. 5C, 30 Hz) or higher (Fig.
5C, 90 and 130 Hz) frequencies. In addition, the step cycle
period was significantly less variable at 50 Hz than at lower and
higher frequencies of epidural stimulation (Fig. 6). We then
compared the middle and late responses in the MG at different
frequencies of epidural stimulation with those at 30 Hz (inter-
pulse interval of 33.3 ms) (Fig. 5B). The first stimulus of a train
produced only a middle response at 30 Hz stimulation, but
both a middle and late response at 50 Hz stimulation. At 30 Hz
Figure 3. A,B, Modulation of theMR and LR during stepping on a treadmill at 7 cm/s facilitated by ES at S1 (40 Hz) at 3 and 7
weeks after spinal cord transection, respectively. Values aremean SEM for nine rats. Note the substantial recovery of the LR at
7 weeks compared with 3 weeks after spinal cord transection. Representative stick diagrams of the hindlimbmovements during
the swingphase at 3 and7weeks after spinal cord transection are shownon the right. The timebetween individual sticks is 30ms.
The trajectories of the ankle for seven consecutive steps are shown at the bottom of each stick figure. Joint angles are identified
in A. Abbreviations are the same as in Figure 1.
Figure 4. A,B, Mean SEM latencies of themaximal LR for the TA andMGmuscles for the spinal rats shown in Figure 2. The
numbers on the abscissas (1–15) correspond to the sequence of stimuli in one step cycle as shown in Figure 2A. The latencies of
the LR for a sequence of six stimuli during the TA burst remained relatively constant, whereas the latencies for a series of similar
responses in the MG increased progressively. Abbreviations are the same as in Figure 1.
Lavrov et al. • Functional Organization of Stepping Circuits J. Neurosci., June 4, 2008 • 28(23):6022–6029 • 6025
stimulation, a late response was observed only after several
consecutive stimuli (data not shown). At frequencies60 Hz,
there was an immediate overlap between the late response and
the subsequent middle response.
Recovery of motor-evoked responses in the hindlimbmuscles
after a complete spinal cord transection
Epidural stimulation-induced stepping performance improved
with time after spinal cord transection, as reflected in the EMG
bursting patterns of the MG and TA muscles (Fig. 7A). Coordi-
nated, alternating bursting between the extensor and flexor mus-
cles was observed initially at5 weeks after spinal cord transec-
tion. Primarily short-latency monosynaptic responses were
observed in theMG at 2 and 3 weeks after spinal cord transection
during epidural stimulation-facilitated stepping, whereas both
short-latency and long-latency responses were present by 5weeks
after transection (Fig. 7B). Thus, improved stepping ability was
coincident with the reappearance of long-latency responses.
The middle and late responses during epidural stimulation
induced stepping were modulated differently in the MG and TA
muscles between 3 (Fig. 3A) and 7 (Fig. 3B) weeks after spinal
cord transection. At 3 weeks after transection, only a middle re-
sponse was observed in the MG, whereas both a middle and late
response were present in the TA (Fig. 3A). In addition, the am-
plitude of the middle response was much higher than that of the
late response in the TA. At 7 weeks after spinal cord transection, a
middle response was still robust in both muscles and of an am-
Figure 5. A, Effect of different frequencies of ES on the initiation of stepping in spinal rats. Shaded areas inA represent the initial period after the onset of ES: note the transitional phase involving
disorganized, high-amplitude activity at the higher (90 and 130 Hz), but not the lower (30 and 50 Hz), stimulation frequencies. The most consistent bursting pattern is seen at 50 Hz. B, Note the
different modulation of theMR and LR at different frequencies of stimulation. The first shaded area shows theMR from the first stimulus. Themost consistent stepping at 50 Hz in A corresponds to
the appearance of an LR between the MRs of the first and second stimuli (second shaded area). At higher frequencies, the MRs of subsequent stimuli overlap the LRs. The horizontal dotted lines
identify the latencies for the MR and LR. C, Comparisons of the bursting patterns at different frequencies when the epidural stimulation is terminated. Note that the most robust bursting and
alternating pattern immediately after the stimulus is turned off is observed at 50 Hz (shaded area). Abbreviations are the same as in Figure 1.
Figure 6. Variability in the step cycle period at different frequencies of ES. Themean SEM
variability was significantly higher at all other frequencies than at 50 Hz (n 6 rats; *p
0.001, Kruskal–Wallis rank test).
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plitude similar to that observed at 3 weeks after transection (Fig.
3B). The amplitude of the late response in the TA, however, was
greater at 7 than at 3 weeks after spinal cord transection and of an
amplitude similar to the middle response. In addition, a late re-
sponsewasobserved in theMGat7weeksafter transection, although
only approximately one-half the amplitude of the middle response.
This modulation in the evoked motor potentials corresponded to
graded improvements of epidural stimulation-facilitated stepping
performance. At 3 weeks after transection, stepping consisted of a
stance phase on the dorsal aspect of the foot and/or with the toes
curled while the paw dragged extensively along the treadmill belt
during the swing phase (Fig. 3A). By 7 weeks after transection, the
animals steppedwithplantar placementduring the stancephase and
showed minimal dragging of the paw during the swing phase (Fig.
3B).
Discussion
We recently demonstrated progressive postlesion changes in the
middle and late responses in flexor and extensormuscles in spinal
rats in a standing position (Lavrov et al., 2006) and their phase-
dependent modulation during stepping in normal rats (Gerasi-
menko et al., 2006) and humans (Courtine et al., 2007). The
present data demonstrate that phase-dependent modulation ob-
served in control rats and humans is also present in complete
spinal rats after a critical level of recovery of locomotor ability.
These results show a close relationship between the time of emer-
gence of phase-dependent modulation of late responses and the
point at which stepping ability recovers.
Why is frequency of epidural
stimulation an important factor in
facilitating locomotion?
The frequency requirement for spinal cord
stimulation to produce stepping is variable
among species and types of stimulation
(Gerasimenko et al., 2008). In decere-
brated cats, epidural stimulation produces
stable stepping at 3–10 Hz (Iwahara et al.,
1991; Gerasimenko et al., 2003), whereas
intraspinal stimulation produces stepping
at 40–60Hz (Kazennikov and Shik, 1988).
Intraspinal microstimulation in cats spi-
nalized 5–7 d before testing produces step-
ping at 2–6 Hz (Barthe´lemy et al., 2007).
The optimum frequency for initiation of
rhythmic movements with epidural stim-
ulation in human is between 30 and 40 Hz
(Dimitrijevic et al., 1998; Minassian et al.,
2007) and is correlated with the appear-
ance of long-latency components in the
EMGbursts (Jilge et al., 2004;Minassian et
al., 2004). Although this variability in the
optimum stimulation frequency for facili-
tating or inducing stepping can be attrib-
uted to multiple factors, our observations
suggest that the specific spinal circuits ac-
tivated determine the optimal frequency.
EMG responses at different frequencies in-
dicate that the optimal stimulation fre-
quencies (40–60 Hz) correspond to an in-
terpulse interval that allows the entire late
response to occur uninterrupted by subse-
quent stimuli. Stimulation at 60 Hz re-
sults in a middle response that interferes
with the generation of a subsequent late response (Fig. 4B). Stim-
ulation at40 Hz was insufficient to activate the spinal network
components critical for sustaining locomotion, demonstrated by
the absence of a stimulation-elicited late response. The functional
significance of stimulation frequency is demonstrated further by
the fact that after termination of stimulation at frequencies60
or 40 Hz, sustained rhythmic stepping occurred for shorter
periods than after stimulation between 40 and 60 Hz.
Phase-dependent modulation of motor-evoked potentials
Recovery of stepping as facilitated by epidural stimulation was
coincident with a strong phase-dependent modulation of both
short- and long-latencymotor-evoked responses, reflected in the
progressive shift in the delays of long-latency responses during
the extensor, but not flexor, EMG bursts. Presynaptic mecha-
nisms acting on muscle spindle afferents were probably involved
in the phase-dependent modulation of themonosynaptic middle
response during stepping, as reported in cats (Gorassini et al.,
1994) and humans (Courtine et al., 2007). Ib and II propriocep-
tive afferents also likely played a role in determining the duration,
frequency, timing, and amplitude of EMGbursts during stepping
(Donelan and Pearson, 2004). It seems reasonable that modula-
tion of long-latency responses wasmediated by interneurons that
influence, or control, the net excitability of flexor and extensor
motor pools via skin afferents (Zehr and Stein, 1999; Valero-
Cabre et al., 2004; Lavrov et al., 2006). A striking feature of the
evoked potentials in the TA andMGwas the strong phase depen-
dence of the amplitude of these potentials. Similar observations
Figure 7. A, EMG bursting patterns for the MG and TA of a representative spinal rat during treadmill stepping at 7 cm/s
facilitated by ES at S1 (40 Hz) 2, 3, 5, and 7 weeks after spinal cord transection. B, MR and LR in the MG during four consecutive
stimuli at the same points as inA. The shaded areas (25ms) in the EMG recordings at each time point inA are expanded inB. Note
the absence of an LR at 2 and3weeks and the reappearance at 5weeks after spinal cord transection. Note also the increasingdelay
in the LR with consecutive stimuli highlighted by diagonal lines in B. Abbreviations are the same as in Figure 1.
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have beenmade in uninjured rats (Gerasimenko et al., 2006) and
humans (Courtine et al., 2007) during locomotion (Edgerton et
al., 2008). The present results clearly demonstrate that phase-
dependent gating ofmotor-evoked responses can bemediated by
the spinal locomotor circuitry. These data are remarkably similar
to the phase-dependent cutaneous reflex reversal observed when
spinal cats are tripped (Forssberg et al., 1980).
What are the middle and late responses evoked by
epidural stimulation?
Our previous findings suggest that the middle response corre-
sponds to spinal cordmonosynaptic circuits (Lavrov et al., 2006),
and its latency is similar to the response recorded with magnetic
spinal cord stimulation in normal and spinal rats (Chiba et al.,
2003). The latency of the first component of the late response
recorded during standing corresponds tomore then one synaptic
delay (Lavrov et al., 2006), and epidural stimulation and afferent
input fromamoving treadmill facilitate themultiple spikes in late
response, when each successive spike occurs at a latency of 2
ms.We speculate that the multiple potentials of the late response
reflect primarily variable numbers of synaptic events within the
networks involved at any given phase of the step cycle. Other
factors, such as repetitive firing of motoneurons that become
more prominent after spinal cord injury (Harvey et al., 2006),
also could contribute to these multiple components. Given that
the late response is a composite response from a motor pool and
therefore multiple motor units, it seems less likely that a regular
interval between potentials would occur, given the relatively ran-
domnature of spike generation amongmotor unitswithin a pool.
Also, the intervals between the components of the late response
are2 ms, whereas a typical interval for action potentials within
a single motor unit has been reported to be200 ms (Harvey et
al., 2006). Other factors that could contribute to multiple poten-
tials of late responsemay be the variation thatmust be inherent in
the conduction velocities among the different afferents.
We suggest that there could be different strengths of inhibi-
tory connections between sequential polysynaptic circuits. The
networks responsible for activation of the MGmotor pool could
be organized such that each successive level inhibits the previous
one, resulting in the observed progressive shift in the late re-
sponses. The number of interneurons of the longest circuit in this
model would determine the late-response duration. Inhibitory
circuits modulating the TA motor pool may be insufficient or
absent, resulting in no shifting of the late response. An alternative
explanation could be a reduction in membrane excitability per
stimulus, in which each subsequent potential occurs with a
slightly longer delay. The longer time course over which this phe-
nomenon occurs versus the typical delay of the late response
components, however, suggests that this is not a dominating
factor.
There being different mechanisms underlying the middle and
late responses is consistent with the complete inhibition of the
late response at 3Hz stimulation but only partial inhibition of the
middle response even at 5–10Hz (Skinner et al., 1996; Reese et al.,
2006; Lavrov et al., 2006). The frequency-dependent depression
of themiddle response is similar to that observed for the H-reflex
when tested acutely with sciatic nerve stimulation, suggesting a
similar monosynaptic origin for both responses (Wolpaw and
Chen, 2001; Lavrov et al., 2006). The different time course for the
restoration of themiddle and late responses after transection also
suggests a different origin for these two responses. The middle
response and H-reflex are restored early (Thompson et al., 1993;
Valero-Cabre et al., 2004) and show facilitation within 1–2 weeks
after transection (Skinner et al., 1996; Valero-Cabre et al., 2004;
Reese et al., 2006; Lavrov et al., 2006). In contrast, the late re-
sponse shows a gradual recovery beginning 2–3 weeks after tran-
section with a time course similar to the recovery of the polysyn-
aptic components of flexor-extensor reflexes tested acutely after
transection (Valero-Cabre et al., 2004).
A clear difference between the evoked potentials in TA and
MG was the timing of the recovery of the middle and late re-
sponses after transection.Within a few days, themiddle response
recovered in bothmuscles, whereas after 3weeks the late response
recovered somewhat in the TAbut notMG.After 7weeks, the late
response amplitude increased by sevenfold in the TA, whereas in
theMG it recovered fromnot being evident at 3weeks to one-half
the amplitude of the TA at 7 weeks. The evoked potentials form-
ing the late response differed in the TA and MG: the progression
of the onset delays during consecutive stimuli was evident only in
MG. Similarly, long-latency responses were more prominent in
flexors than extensors during stimulation-induced stepping in
humans (Gerasimenko et al., 2001, 2008; Minassian et al., 2004)
and during stimulation- and quipazine-facilitated stepping in
spinal rats (Gerasimenko et al., 2007). The timing of recovery of
weight-bearing stepping highlights the functional significance of
the phase-dependent modulation of the late response in TA and
MG. As suggested previously (Lavrov et al., 2006), the presence
and amplitude of the late, but not middle, response appear to be
related to the degree of locomotor recovery after transection.
The implication of the time-related robust modulation of the
late response after transection and its systematic, sequential de-
lays as a function of the step cycle phase is that these mechanisms
must become viable for locomotor recovery. The challenge is in
determining which motoneuronal or interneuronal properties
within the lumbosacral spinal cord are playing a critical role in
locomotor recovery. Identification of the dynamic nature of these
mechanisms and their pharmacology under in vivo conditions
and without anesthetics may provide novel therapeutic ap-
proaches to facilitate stepping after a spinal injury or other debil-
itating neuromotor disorders.
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